An experimental testing rig is built to study the performance of a centrifugal pump used in medium consistency technology (MC technology). Pump performances are tested in different pulp concentration, degas pressure differential, and tip clearance ratio. The results show that in medium concentration, pump head and efficiency decreases with increase of pulp concentration. There is a critical concentration above which pump performance drops. Gas separation effect is influenced by the pressure differential over the degas system and the air content in the pulp suspension. In high concentration and small tip clearance conditions, friction loss increases a great deal and results in an efficiency reduction.
Introduction
Medium consistency technology (MC technology) was developed in northern Europe in 1970s. Medium consistency technology was to filter, bleach, beat, stock, and pump over pulp slurries at medium concentration (8-20%) . One of the important equipment used in MC technology is a medium consistency pump (MC pump). A medium consistency pump is indispensable to slurry transportation in bleaching stage. Medium consistency slurry is a liquid-fiber-gas three phase suspension. Four different particles are indentified in MC suspension: fibers, floccutters, flocs, and networks [1] . Fibers are cylinders with an average length of 1-3 mm. Interactions and frictions between fibers make them entangle to form flocs. Flocs have a much larger size of 2-3 cm. With increased concentration, networks with certain strength are formed [2] . Once the pulp concentration exceeds 7%, the slurry stops flowing and acts like a solid. Gullichsen and Harkonen [3] found that when the suspension was exposed to sufficient shear forces, it could be brought into turbulence again; this is the fundamental basis of MC technology. Air content in the suspension cannot be ignored either. Vast amounts of air in the suspension make it difficult for a centrifugal pump to operate. In designing a MC pump, there are two problems to deal with. The first one is the flowing of the slurry, since pump is only available for flow materials. The second one is the removal of highly contained air. Two basic structures of MC pump are illustrated in Ref. [4] . In this paper, MC pump performances in different pulp concentration, tip clearance between impeller and the casing, and pressure differential over the degas system are studied.
2 Experimental Testing 2.1 Apparatus and Test Arrangement. The test rig consists of a MC pump, a water-ring vacuum pump, a circulating pipeline, a storage tank, and several necessary test instruments. Diagrammatic sketch of the test rig is shown in Fig. 1 . The MC pump is driven by a 2-pole 90 kW induction motor. The water-ring vacuum pump is driven by a 4-pole 5.5 kW induction motor. The speed is controlled by an inverter to realize different vacuum pressure of the degas system. Suction and discharge pressure are measured by transmitter (6) and (9) . The flow rate is measured by electro-magnetic flow meter (8) . The vacuum pressure is measured by vacuum meter (7) in the outlet of the degas system pipe. Figure 2 is a schema showing the main hydraulic structures and the degas system of the MC pump. The turbulence generator consists of three twisted blades. Before pulp suspension enters into the impeller, the turbulence generator exerts shear force to the suspension and brings it into turbulence. At the same time, air starts to be separated. The MC pump (5), and the vacuum pump. Gas concentrated in the shaft center is gathered into the vacuum housing (4) and pumped out through the pipe (5).
Pump Structure.
Design flow rate of the MC pump is about 56 m 3 /h when handling a pulp concentration of 12%. The minimum head requirement is 120 m in oxygen bleaching process. Inlet diameter is 130 mm, and outlet diameter is 350 mm. Two blade heights, 18 mm and 21 mm, are designed with the same blade profile. Outlet vane angle is 38 deg.
Results and Discussions

Suspension Concentration.
Experimental results in different medium concentrations are shown in Fig. 3 . In Fig. 3(a) , when concentration C m increases from 11.76-12.43%, the pump head decreases slightly. However, there is an obvious reduction of efficiency. In Fig. 3(b) , when C m increases to 14.83%, the pump head decreases considerably. Six points are marked in Fig. 3 (b) to reveal this change in detail. It can be deduced that with increase of concentration, head decreases nonlinearly, and head reduction is on the rise. It is worth noting that pump head does not decrease monotonically with the increment of fiber concentration from low to medium concentration. When the pump handles suspension, if the head is equal to that when it handles water, the concentration is defined as critical concentration Cr. In Cao and Risaburo's study [5] , when concentration is lower than 10%, the head ratio and efficiency ratio are greater than 1. Cr is not absolute; it depends on the pulp types, treating process, pump geometry, flow rate, and other operating conditions.
The following possible parameters influence the pump performance. Firstly, viscosity of pulp fiber suspension is high, which can be obtained from Herschel-Bulkley [6, 7] expression:
where s is the shear stress, _ c is the shear rate, s y is the yield stress, and k and n are model parameters.
Secondly, fibers and networks contained in the suspension is another reason for pump performance reduction. According to previous studies of slurry pump [8, 9] , solid particles would reduce pump head and efficiency, depending on the particle size, concentrations and roughness. In MC pulp suspension, particles are more than rigid bodies. Fibers are easily twisted, deformed, entangled and interlaced. Thirdly, air contained in the suspension has a negative effect to pump performance [10] .
Existence of C r is a unique behavior of pulp pump which is not appeared in ordinary slurry pump [9] . Early in Gullichesen and Harkonen's study [3] , turbulent drag reduction was observed. When the suspension comes into a vigorous state of turbulence, the energy consumption begins to be close and parallel to the water flow curve. Full turbulence velocity is directly proportional to mass concentration. So pulp in low concentration is tending towards full turbulence in the same rotational speed. Although flow in rotary device cannot be compared directly with flow in a pipeline, the same phenomenon can be found in pipe friction loss curve [3, 11, 12] .
Tip
Clearance. Floc size and strength increases with increasing fiber length [2, 13] . In a MC pump, small tip clearance can cause flow passage blockage and pump failure, while large tip clearance will result in head and efficiency reduction. Tip clearance ratio is defined as the tip clearance between the impeller and the pump housing divided by the impeller height in the outlet.
The pump performance is tested for different tip clearance ratios listed in Table 1 . Vacuum pressures adopted in Figs. 4 and 5 are 
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Transactions of the ASME listed in Table 2 . In all these tests, the flow rate is 56 m 3 /h. In Fig. 4 , when handling water, head and efficiency decrease gently with an increase of tip clearance ratio. In Fig. 5 , when tip clearance ratio R C is small, the pump performance is more sensitive to R C . Comparison between Fig. 4 and Fig. 5 indicates that influence of R C varies depending on the impeller geometry [14] . In Fig. 5 , the pump performance is insensitive to R C . When the concentration is high (Cm ¼ 12.53%), the pump efficiency does not change in a normal way. When the tip clearance ratio changes from 0.143-0.238, pump efficiency remains the same or even increases.
The head and efficiency reduction for large tip clearances is caused by tip leakage loss. When handling water, the mechanics and flow field has been clearly studied and presented [15, 16] . However, when handling solid-liquid mixtures, the pump characteristics are seriously influenced by the running tip clearance Journal of Fluids Engineering OCTOBER 2013, Vol. 135 / 104503-3 [17, 18] . This is because the pulp suspension is not an ordinary mixture, as it includes flocs and networks in MC slurry. Large size flocs are accumulated in tip clearance. The rotational impeller should apply great shear forces to disperse networks. For smaller clearances, flocs might block part of the impeller flow channel and cause an operation failure. There is a minimum clearance for smooth operation.
3.3 Influence of Degas Pressure Differential. In Fig. 6(a) , when vacuum pressure is À 0.016 MPa, the pump head takes its highest value. When vacuum pressure is À0.02 MPa, the head is high but efficiency is very low. Also, a few fibers are discharged from the degas system along with water and air. When vacuum pressure decreases to À0.008 MPa, pump performance declines seriously. In Gullichsen and Harkonen's [4] study, it was explained that if the pressure differential was low, the pump failed to generate pressure because of air load. If the degas pressure differential was too high, the air bubble in the rotating center became too small and fibers could slip into the air separation cavity. Gullichsen and Harkonen's [4] study showed that the air-separation capability had no concern with the air content of the entering stock or suction-side head. But in Fig. 6(b) , when C m is 11.76%, the highest vacuum pressure (À0.016 MPa) results in a worsening of pump performance. In Fig. 6(b) , À0.02 MPa is not adopted because continuous fibers are escaped from the degas pipeline. The best degas pressure differential varies in different concentrations. Because air content is closely relevant with concentration, it is deduced that the air separation capability is not only dependent on the degas pressure differential but also on the air content. As is shown in Fig. 7(b) , with increase of degas pressure differential, fibers are drawn into the pipeline and causes fiber loss. A little loss of fibers can be easily discharged with water. But too many fibers will block and damage the water-ring pump very soon.
Conclusions
In this paper, a MC pump performance is studied under different conditions. Since the rotational speed is large enough for the fluidization of the slurry, the air content becomes the major difficulty that affects the MC pump performance. MC pump performance is sensitive to the delivered medium and operating conditions. Firstly, when handling MC suspension, the pump head and efficiency decrease with increase of concentration. Secondly, in high concentration, small tip clearance could cause great friction loss and results into an efficiency reduction. Thus, in the design of a MC pump, blade height cannot be too small since a sufficient operation clearance is needed. The higher concentration is, the larger tip clearance is needed. Thirdly, degas pressure differential largely depends on the air content in MC suspension. Large degas pressure differential could cause fiber loss and small one could result in performance reduction.
Nomenclature
B ¼ blade height, mm C ¼ tip clearance, mm Cm ¼ mass concentration Cr ¼ critical concentration 
